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Abstract

Flammability limits data are essential for a quantitative risk assessment of explosion hazard associated with the use of combustible gas.
The present work is to obtain the fundamental flammability data for prevention of the hazards in the practical applications. Experiments
have been conducted in a constant volume combustion bomb, and the fuel considered here is natural gas (NG). The pressure histories in the
combustion bomb are recorded and a criterion of 7% pressure rise has been used to judge a flammable mixture. The effects of ethane on
NG—air flammability limits have been investigated. By adding diluent (carbon dioxide, nitrogen or their mixture) into NG—air mixture, the
dilution effects on the flammability limits have been explored as well, and the results are plotted as functions of diluent ratio.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction inspection of the visualization of the flame kernel produced
by the spark, namely visual criterion, and (2) measurements
Knowledge of the explosion hazards of gaseous fuels is of pressure or temperature histories in the vessel and appro-
of importance to ensure the safety in industrial and domestic priate pressure or temperature rise criteria can be used to
applications that produce or use flammable mixtures. Theredesignate flammability rather than the purely visual observa-
is no question that the flammability limit is a most widely tion of flame development. As we know, a successful ignition
used index for representing the flammability characteristics would induce a rapid pressure increase and temperature rise
of gases. In accordance with generally accepted usage, thavithin a short time, as well as produce a propagating flame
flammability limits are known as those regions of fuel-air frontthat could be readily observed. Previous gas flammabil-
ratio within which flame propagation can be possible and ity limit data were obtained mainly in flammaubility tubes, in
beyond which flame cannot propagate. And there are two those tests, a gas mixture in a vertical tube was ignited and
distinct separate flammability limits for the fuel—air mix- flame propagation was inspected by a visual critefig8].
ture, namely, the leanest fuel-limit up to which the flame The wall quenching has a significant effect on the flamma-
can propagate is termed as lower flammability limit (LFL), bility measurement in flammability tube. The larger size of
and the richest limit is called as upper flammability limit combustion charmer can minimize wall effects and can allow
(UFL). for the potential use of stronger igniters to ensure the absence
Flammability limits have been discussed extensively inthe of ignition limitations, so most of the flammability measure-
combustion literature. There are several criteria to determine ments are conducted in closed chambers recéhy]. And
the flammability limits. A successful attempt can be deter- more attentions are being given to the effects of environmen-
mined by one or a combination of the following criteria: (1) tal parameters, such as the vessel size, initial temperature
and pressure on the fundamental characteristics. Moreover,
* Corresponding author. Tel.: +86 29 82663421 fax: +86 29 2668789,  the theoretical studies are carried out for providing analytical
E-mail addressdmjiang@mail.xjtu.edu.cn (D.M. Jiang). predictions about the flammability limif8—11]. With the
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growing crisis of energy resources and the strengthening of
pollutant legislations, the use of natural gas (NG) as an alter- Inlet/outlet valv
native fuel has been promoted recently, natural gas is being To pressure sensor
regarded as one of the most promising alternative fuels for [ %
industrial and domestic applications. The chemical compo-
sition of natural gas varies from field to field, but the main 777 777
chemical component of natural gas is believed to be methaneThe'rmocouple ]
There is a large volume of flammability limits data available Perforated plate i
for fuels, such as methane, ethane, propane, butane, etc. Bt — (at end position) E
to the best of our knowledge, no work has been reported so
far on the flammability limits of NG—air mixture. Therefore,
the present work is promoted purposely. The experiments are
made systematically to determine the flammability limits of
premixed NG—air mixture in a constant volume combustion i
bomb, using conventional spark ignition system. The explo- i %
sion pressure traces are recorded and an appropriate pressu 7 7
rise criterion is used to define the flammability limit. The 4 0000000000
natural gas selected for the present study is from the north
of Shannxi province, PR China, which consists of 96.160% Fig. 1. Schematic diagram of experimental setup.
methane by volume, 2.540% carbon dioxide, 1.096% ethane,
approximately 0.189% hydrocarbon components higher than3, Results and discussions
C3, and the remains including nitrogen, sulfureted hydrogen
and water are only about 0.015%. The data plotted iffig. 2is the result of tests on the quies-
The dilution effects on the fundamental characteristic data cent NG—air mixtures at ambient pressure and temperature. It
of natural gas are also studied by adding the carbon dioxide, plots the maximum explosion pressure as function of the NG
nitrogen gas and the simulated exhaust gas into the NG-airconcentration. The baseline of critical pressure rise rate, 1.07,
mixture, where the simulated gas contains 12% @@ 88% s plotted as well, thereby, one can readily observe that the
N2. And the results are plotted as functions of diluent ratio, flammability region of quiescent NG—air mixtures is from 5.0
where the diluent ratig, denotes the volumetric fraction of  to 15.6% of NG by volume, corresponding to the equivalence
dilution addition in the total mixture. ratios from about 0.486 to 1.707.
In order to validate our experimental measurements, a
comparison is made with the available flammability limit data
2. Experimental method for methane—air mixture, as showriliable 1 The present re-
sultis in agreement with those of previous works even though
The experimental investigation is conducted in a con- the test conditions are different. As to the lower flammability
stant volume combustion bomb, as shown fig. 1 limit of multiple component fuel mixture in air, the LFL value

The cubic combustion bomb has an inside size of of the mixture can also be estimated by following formula,
108 mmx 108 mmx 135 mm, with 1.571 in volume. Two

sides of this bomb are fixed quartz glasses to make the in-Table 1
side observable, which are to provide the viewing access for Flammability limit data (vol.%) for methane—air and NG-air flames (quies-
the observation of flame growth. The combustible mixture centmixtures, with spark ignition)
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N

Electrode 1

|
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is prepared within the closed vessel by adding gases neededilixtures Test conditions LFL (vol.%) UFL (vol.%)
to appropriate partial pressures. Two extended stainless steelG-aif 1.57 L chamber 5.0 16
electrodes are used to form the spark gap at the center of this ~ LeChatelier's rule 4.98 -
bomb. Center ignition in the combustion bomb is attempted Methane-air thcgam:ﬂ i-g 156
. . . . . o . cham .
using 45 mJigniter, s_tored ina con_vent_lonal battery—coil igni- 120 L chambet 50 157
tion system. Dyr_1am|c pressure histories are measured since 25.5n? sphere 4951+0.1 _
spark ignition with an absolute pressure transducer, model Flammability tub8 4.9 150
Kistler 4075A, with a calibrating element Kistler 4618A. a The present study, using pressure rise criterion of 7%.

Following the standard test procedures developed by the ® Hertzberg and Cashdollar (1983), using pressure rise criterion of 7%,
Pittsburgh Research Laboratory (PRL) and according to thefrom[3]. _ o
previous experimeri6], a criterion of 7% pressureriseisused | ggiggg::: Z: Z:- ggggg' oI Pressure rise z:g:g: ggﬁﬁ
to distinguish flammable mixtures from nonﬂammablg ones. . Burgess et al. (1'982)’ u’sing agv?sual criterion, frigh
When a pressure increase of 7% is recorded after ignition, f rymo etal. (1970) and Burgess etal. (1982), using pressure rise criterion
i.e. 7% above the initial absolute pressure, it is indicative of of 7%, from[3].
that the occurrence of combustion is successful. 9 Kuchta (1985), using a visual criteriga].
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Fig. 2. Determinations of the flammability limits of NG—air mixtures, where

hollow point represents a successful combustion and solid one is an unsuc-

cessful attempt: (A) the determination of LFL, and (B) the determination of
UFL.

according to LeChatelier’s rulé]:

100
> (Ci/LFL;)

where LFL is the lower flammability limit of mixture
(vol.%), C; the concentration of componentin the gas
mixture on an air-free basis (vol.%), and LiFk the lower
flammability limit for component (vol.%). The estimation
of LeChatelier’s rule is listed ifable 1las well. Generally,

LFL =

good agreement has been found between the measurementz

and LeChatelier prediction. The effects of ethane on flamma-
bility limits are explored by adding ethane into the natural
gas mixture. The results are presenteHim 3. It is reported
that the flammability region has been slightly extended with

the increase of ethane content in natural gas. Over the studied

ranges, the value of LFL almost remains 5.0 in volume, but
UFL has become bigger. The flammability limits are 3.0 to

12.5 in volume for ethane—air mixtui8], corresponding

to equivalence ratios of 0.512 and 2.506, however, as to
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Fig. 3. Dependence of NG flammability limits on ethane.

equivalence ratio, whereas, there is no obvious change for
LFL in the equivalence ratio. Similarly, the LFL values ob-
tained from LeChatelier’s prediction are presenteBim 3.
Nowadays, the method of exhaust gas recirculation has
being widely used for it has being regarded as an effective
way to decrease NCemissions in combustion engifie?].
Experimental measurements are performed to investigate the
effects on the flammability limits of diluting NG—air mixture
by adding carbon dioxide, nitrogen gas and the simulated
combustion products. The dilutions used to simulate com-
bustion products consist of 88%/dnd 12% CQ by volume
in this work, which is in reasonably agreement with the prac-
tical products for NG stoichiometric combustion at ambient
temperature. Shown iRig. 4, are the results of flammability
limits over a wide range of diluent ratio. It can be noted that
the increase of diluentratio results in the lessening of flamma-
bility region. The reason is known as the addition of dilutions
decreases the temperature of flame, consequently decreases
the burning velocity. Hence, the flammability limits becomes
narrow. Generally, C®addition is much more sensitive than
N2 addition[13], thus, there is much difference between ad-
ditive N2 and CQ. Shebeko et a[11] proposed an analytical
evaluation of flammability limits for ternary gaseous mixtures
of fuel-air—diluent. The predictions are presentedrig. 4

o 88%N2+12%C02
- 4CO2

s 13t o N2
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9

0.3 0.4

methane, they are 0.486 to 1.707, respectively. Hereby, therig. 4. Flammability limits of diluting NG—air mixtures, where dashed
increase of ethane content in NG can also extend the UFL incurves are the predictions based on Shebeko méiidd
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with dashed curves as well. It must be noted that the general [2] I. Wierzba, B.B. Ale, Rich flammability limits of fuel mixtures in-
trends are obtained from the predictions and the derivations  volving hydrogen at elevated temperatures, Int. J. Hydrogen Energy

between the measurements and they are acceptable. 25 (2000) 75-80.
L. Cashdollar Kenneth, A. Zlochower Isaac, M. Green Gregory, A.

Thomas Richard, M. Hertzberg, Flammability of methane, propane,
and hydrogen gases, J. Loss Prev. Process. Ind. 13 (2000) 327—

3
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4. Conclusions 340.
[4] B. Vanderstraeten, D. Tuerlinckx, J. Berghmans, S. Vliegen, E. Vant
This paper is to determine the flammability limit data of Oost, B. Smit, Experimental study of the pressure and temperature

tural ir mixt E . tali tigati dependence on the upper flammability limit of methane/air mixtures,
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ducted by systematically measuring the pressure histories in [s] u_J. pfahi, M.C. Ross, J.E. Shepherd, Flammability limits, Ignition
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